Mitochondria activation factor (MAF) is a highmolecular-weight polyphenol purified from black tea that activates mitochondrial respiration. It increased the mitochondrial membrane potential and motility of sea urchin sperm, by up to 8%, to the same extent as spermactivating peptides (SAPs) secreted by the egg. Unlike SAPs, MAF had no effect on sperm swimming behavior, suggesting that the mechanism of sperm activation by MAF is different from that of SAPs.
Tea is the most popular beverage in the world. Recent studies indicate that tea components, such as caffeine and polyphenols, have various beneficial effects at the physiological and cellular levels. [1] [2] [3] Tea has physiological effects on antioxidation, 1) antiobesity, 2) and antiaging.
3) Fermented tea contains novel, high-molecular-weight polyphenols referred to as mitochondria activation factors (MAFs) that activate mitochondrial respiration in the ciliated protozoan Tetrahymena pyriformis.
4) The number-average molecular weights of MAFs are 9,000-18,000, and the weight-average molecular weights are 15,000-25,000. 4) Structural analysis has indicated that MAF is a heterogeneous polymer of flavan-3-ols and flavan-3-ol gallates with intermonomeric linkages of B-ring to B-ring and C-ring to Aring. 4) Our preliminary observations indicate that MAF increased the swimming velocity of Tetrahymena (Fujihara and Numata, unpublished results). Because most ciliary and flagellar movement requires ATP, it is possible that MAF increases the swimming velocity of sperm by activating mitochondrial respiration. We examined the effects of MAF on sperm, which has specialized flagellar movement, to investigate further the relationship between increased mitochondria activity and flagellar movement.
Because ATP production for sperm motility in marine animals depends on mitochondrial respiration, 5) sperm from marine animals makes an ideal model to examine the effects of MAF. In this study, we used sea urchin sperm, because it has been used previously for detailed flagellar waveform analysis.
6) Sea urchin sperm is activated by SAPs (sperm-activation peptides) in the egg jelly. 7, 8) SAPs increase sperm motility and mitochondrial respiration, and the molecular mechanisms underlying their activation have been well studied. 6) Here, we treated sea urchin sperm with egg seawater (ESW) containing SAPs as positive control for sperm activation, and evaluated the effects of MAF by comparing them with known effects of ESW. Preparation of ESW was as follows: sea urchin eggs were washed with artificial sea water (ASW, 262 mM NaCl, 9 mM KCl, 10 mM CaCl 2 , 48 mM MgCl 2 , 10 mM Hepes, pH 8.0), suspended in 5 mL of ASW, and incubated for 1 h. The concentration of eggs in the suspension was 8:4 Â 10 5 cells/mL. The clear supernatant was collected as egg seawater (ESW).
We purified MAF from black tea as described previously, 4) with modifications. In brief, the ethylacetate-soluble fraction was removed from a boiling water extract of black tea. Then the polyphenolic substances remaining in the water phase were extracted with butanol at pH 2.0. The acidic butanol extract was chromatographed on a Toyopearl HW-40F column (Tosoh, Tokyo) and separated into several fractions. MAF was derived from a fraction strongly increasing the mitochondrial membrane potential in T. pyriformis. MAF prepared from a pH 3.0 butanol fraction 4) and that from a pH 2.0 butanol fraction showed the same properties, including effects on mitochondrial membrane potential and elution profiles on Toyopearl HW-40F column chromatography and HPLC with an ODS column. MAF was dissolved in DMSO, and 10 mg/mL of MAF in 0.1% DMSO was prepared with ASW. Sperm from Anthocidaris crassispina was collected by artificial spawning and stored undiluted on ice. For use in experiments, the sperm was diluted with ASW containing 0.1% DMSO at 25 C. All data were expressed as means AE SE. Within-group differences were determined by one-way ANOVA followed by Tukey's post hoc test. Statistical significance was defined as p < 0:05.
y To whom correspondence should be addressed. Tel: +81-29-853-6648; Fax: +81-29-853-6614; E-mail: numata@biol.tsukuba.ac.jp Abbreviations: ASW, artificial sea water; EGCG, (À)-epigallocatechin-3-gallate; ESW, egg sea water; MAF, mitochondria activation factor; SAPs, sperm-activation peptides Biosci. Biotechnol. Biochem., 76 (12), [2321] [2322] [2323] [2324] 2012 Note First we examined the effects of MAF on sperm motility. The swimming velocity of the sperm was measured using a sperm motility analysis system (SMAS; DITECT, Tokyo). The swimming velocity of the sperm increased by 8% with 1 mg/mL of MAF and by 10% with the positive control, ESW (Fig. 1A) . This suggests that MAF and ESW have similar effects on the swimming velocity of sea urchin sperm. The swimming velocity of the sperm increased over a range of 0.01 to 1 mg/mL MAF, suggesting that MAF increased the swimming velocity of the sperm in a concentrationdependent manner, and that an excessive concentration (10 mg/mL) of MAF can cause sea urchin sperm physiological damage.
We compared the effects of MAF on sperm motility with those of other polyphenols, resveratrol and (À)-epigallocatechin-3-gallate (EGCG). Resveratrol is found in the skin of red grapes, and it has anti-cancer, antiinflammatory, and blood-sugar-lowering activity as well as other beneficial cardiovascular effects. [9] [10] [11] EGCG is the most abundant catechin in green tea, and is a potent antioxidant. 12) Neither resveratrol nor EGCG affected sperm motility (Fig. 1B) .
Sperm motility is induced by flagellar movement, which is produced by bending of the axoneme. 13, 14) The addition of ATP as energy source allows the motor action of the dynein heads to slide one pair of doublet microtubules against the other.
15) This action causes the bending motion that accounts for sperm motility. In sea urchin sperm, ATP is produced in the mitochondria. We examined the effects of MAF on mitochondrial respiration by measuring mitochondrial membrane potential using 10 mM rhodamine 123. 4) Localization of rhodamine 123 fluorescence to the midpiece of the sea urchin sperm suggested that this is where the mitochondria are located ( Fig. 2A-C) . Rhodamine 123 fluorescence after treatment with 1 mg/mL of MAF was similar to that in the sperm treated with ESW, and was twice that observed in the control sperm (Fig. 2D ). This suggests that MAF increases the swimming velocity of sperm by activating the mitochondrial membrane potential.
By measuring swimming velocity and mitochondrial membrane potential, we confirmed that both MAF and ESW enhanced mitochondrial respiration and sperm motility. Hence we investigated to determine whether MAF and ESW show the same mechanism of action. The mechanism of sperm activation by ESW is well studied. 12) SAPs in ESW stimulates sperm membrane-associated guanylate cyclase, causing a fast transient increase in cGMP that triggers a set of physiological responses including increases in intracellular pH and cAMP levels and Ca 2þ influx. 8, 16) These changes result in the activation of sperm respiration and motility. ESW treatment also increases flagellar bend asymmetry 17) and induces changes in swimming pattern. 18) Because MAF is a highmolecular-weight polyphenol unable to enter the flagellar cytoplasm, it can exert its action on sperm by binding to a receptor or channel on the flagellar membrane.
Next we examined the effects of MAF on the swimming pattern of sperm. We recorded the trajectories of swimming sperm by tracing the movement of the sperm head with the SMAS. The average diameter of the trajectory of the untreated sperm, shown by the circles in Fig. 3A , was 33:2 AE 6:9 mm. As expected, ESW treatment induced a change in the swimming pattern of the sperm, decreasing the diameters of circular traces (Fig. 3C) . The average diameter of circular trace in the sperm treated with ESW was 21:4 AE 4:6 mm. Thus, ESW decreased the diameter of circular trace in sperm and increased their swimming velocity. In contrast, the average diameter of circular trace in the sperm treated with MAF was 31:1 AE 5:9 mm, similar to that for the untreated sperm (Fig. 3A, B, D) . This suggests that MAF increases sperm motility by mechanism different from that of ESW.
In summary, our data indicate that MAF from black tea has an effect similar to ESW on sea urchin sperm motility by enhancing mitochondrial respiration and increasing swimming speed. We found that sperm activation by MAF was not associated with any change in swimming pattern, suggesting that the mechanism of action of MAF in sperm is different from that of ESW. It is known that sperm activation by ESW is accompanied by an influx of Ca 2þ , which changes the swimming pattern of the sperm and regulates chemotaxis. Preliminary observations indicated that the influx of Ca 2þ due to MAF was different from that due to ESW (data not shown). This difference can cause different behavior in sperm between as MAF and ESW treatment. Further studies of the relationship between MAF and the influx of Ca 2þ should shed light on the molecular mechanism of sperm activation by MAF. 
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